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Abstract: The use of Jatropha (Jatropha curcas L.) as a source of biofuel is documented. The physiological characteristics and growth
studies of Jatropha have received less attention. In the present study, we measured leaf gas exchange with an infrared gas analyzer for
red (immature) and green (mature) leaves of Jatropha curcas in response to various environmental conditions including photosynthetic
photon flux density (PPFD), vapor pressure difference, and temperature. The seedlings were grown in pots for 45 days in a natural
environment. Jatropha is a C3 plant based on its leaf–gas exchange characteristics. The optimal light-saturated photosynthetic CO2
assimilation, leaf conductance, and transpiration occurred in the range of 500–1000 µmol m–2 s–1 PPFD, depending upon the leaf
positions and leaf types during growth. The net rates of photosynthesis, stomatal conductance, transpiration, and water-use efficiency
were significantly affected by the leaf position and epigenetic variables, i.e. temperature, vapor pressure difference, and irradiance.
Key words: Jatropha curcas, photosynthesis, chlorophyll fluorescence, leaf position, water relations

1. Introduction
Jatropha curcas is a perennial shrub that belongs to the
family Euphorbiaceae. The plant grows up to a height of 3–5
m, but it can also reach heights of up to 8 m under favorable
conditions. It shows typical morphological traits with
respect to red and green leaves during seedlings’ growth
phase due to the presence of anthocyanin and chlorophyll
(Ranjan et al., 2014). It is recognized as a bioenergy crop in
Mexico, Central America, Brazil, Bolivia, Peru, Argentina,
and Paraguay (Achten et al., 2008; Pompelli et al., 2011).
Jatropha curcas is raised on land unsuited to agriculture,
containing oil content in the seeds of ~35%, and it can be
provided with minimal irrigation and management (Maes
et al., 2009). These characteristics have led to the scaleup of Jatropha plantations among millions of marginal
farmers and landless people across India through attractive
schemes (Kant and Wu, 2011). It is expected to be planted
on 12.8 × 106 ha by 2015 (Brittaine and Lutaladio, 2010) in
view of its global economic importance.
Extreme environmental conditions, e.g. high
temperature or drought, may affect photosynthetic activity
(Yu et al., 2009). Photosynthesis is particularly sensitive
to water-deficit because the stomata close to conserve
water due to stomatal dynamics to sustain the hydric
status of the plants (Saibo et al., 2009; Guo et al., 2010).

Jatropha plantations are found to be prone to waterlogging
(Verma et al., 2012, 2014) and are vulnerable to drought
in planting years. Generally, epigenetic responses such
as loss in relative humidity (RH), sharp irradiance,
and elevated temperatures affect morphophysiological
characteristics by lowering plant efficiency linked with
impaired chlorophyll fluorescence, stomatal conductance,
and CO2 diffusion into the intrinsic milieu of the cells
for enzymatic CO2 processing/biological CO2 fixation.
Therefore, the impact of epigenetics on Jatropha seedlings
is assessed for its large-scale cultivation to enhance future
plant performance and production. Our study aims to
explore physiological responses during the initial growth
phase of Jatropha curcas as they determine the success of
plant growth, seed yield, and biofuel.
2. Materials and methods
2.1. Plant materials and growth conditions
Healthy stem cuttings (18–20 cm in length and uniform
in diameter) from 1-year-old Jatropha curcas plants were
obtained from the National Botanical Research Institute
(Banthara Research Station, February 2012) in Lucknow,
India. The cuttings were kept vertically in a tray filled with
water (overnight, 25 °C) to allow cellular turgidity. These
cuttings were shifted in plastic bags (1 kg) filled with
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Neopeat soil (soilless media) under diffused light (30/20
°C day/night, 500 µmol m–2 s–1) for 15 days. After 2 weeks,
they were transplanted into plastic pots (~30 cm diameter
and 30 cm depth) filled with Neopeat and soil (1:1.5 kg)
under open environmental conditions at the National
Botanical Research Institute, Lucknow, India. Diurnal
photosynthetic photon flux density (PPFD), vapor pressure
difference (VPD), and temperature variables (April–May)
during leaf development in Jatropha are shown in Figure
1A. For all measurements, 45-day-old seedlings were used
(Figure 1B).
2.2 Leaf area, specific leaf area, and photosynthetic
pigment analysis
The leaf area and specific leaf weight of red and green leaves
were calculated with 3–5 replicas (15- and 30-day-old red
and green leaves) by using the paper weight method (Milla
et al., 2008), as follows:
Specific leaf area (SLA; cm2 g–1) = leaf area / leaf dry
weight.
The chlorophyll pigments (total chlorophyll, chlorophyll
a, chlorophyll b, chlorophyll a/b) were estimated (Arnon,

1949) and anthocyanin contents were measured (3–5
replicas) by using red (third) and green (sixth) leaves
spectrophotometrically (Murray and Hackett, 1991).
2.3. Relative water content
The relative water content (RWC) was determined (Slatyer,
1967) by measuring the fresh weight (FW) of leaf, which
was then rehydrated (25 °C, 4 h) for turgid weight (TW)
and oven-dried (68 °C, 48 h) to obtain a constant dry
weight (DW). Measurements were made in the predawn
(0500–0530 hours) by using both red and green leaves and
the RWC was calculated as:
RWC = (FW – DW / TW – DW) × 100.
2.4. Leaf drying curve
The red and green leaves (third and sixth positions) were
harvested (0500–0530 hours), rehydrated (25 °C in the
dark, 4 h), blotted dry, and weighed to determine their
saturated mass (25 °C, RH 45%–50%). Afterwards, these
leaves were left to dehydrate (oven-dried at 68 °C, 48 h)
and were reweighed (every 15 min until 43 h) to generate
a water loss curve. Cuticular transpiration rates were also
determined (Stowe et al., 2001).
B
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Figure 1. Diurnal climatic variables (April–May) during leaf development in Jatropha curcas. Each value is the mean value of
at least 5–10 independent observations with standard error (A). Infrared gas analyzer (GFS 3000), an open system used for the
measurements (B). Dependence of A on Ci and definition of computations of the partial photosynthesis on stomatal (b – a / b ×
100), RuBisCo (d – a / d × 100), and RuBP (c – a / c × 100) limitations (C).
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2.5. Pressure–volume curve
Pressure–volume (PV) curve analysis was done (Parker
and Colombo, 1995) using a pressure chamber to measure
water potential (Zine El Abidine et al., 1993). The data
pairs of the leaf RWC and the negative inverse of the
associated balance pressures (–1/WP) were graphed to
produce the PV curve (Schulte, 1998) to obtain the waterrelation variables of relative tissue water content at turgor
loss point (RWC tlp), osmotic potential at turgor loss
point (Ψ πtlp), symplastic fraction (SF), and modulus of
elasticity (ε).
2.6. Leaf specific hydraulic conductance
Leaves (red and green leaves) collected (0500–0530 hours)
from the seedlings grown under open environmental
conditions were recut under a water supply attached to
the measurement apparatus using compression fitting for
thickness, texture, and apparent desiccation tolerance to
calculate conductance (Tyree et al., 1999).
2.7. Leaf spectral analysis by spectroradiometer
Total directional-hemispherical reflectance (r) and
transmittance (t) of adaxial and abaxial leaf surfaces
were measured with a calibrated spectroradiometer (LiCOR-1800, USA) scanned from 400 to 1100 nm (Daughtry
and Biehl, 1985). Optical parameters were integrated for
photosynthetically active radiation (PAR; 400 ± 700 nm),
far-red (700 ± 800 nm), and near infrared (800 ± 1100
nm). The data was analyzed through SIGMA PLOT to get
the different optical properties of the leaf.
2.8. Gas exchange measurements
An open photosynthesis portable gas exchange fluorescence
system (GFS-3000, WALZ, Germany) was used to measure
photosynthetic efficiency with different (2nd through
11th) leaves under open environmental conditions without
changing leaf angles. Diurnal photosynthetic variations
were measured throughout the day (0530–1830 hours) by
using red (third) and green (sixth) leaves to calculate wateruse efficiency (Gulías et al., 2002; Mielke et al., 2003). Leaf
respiration in the dark (Rd) was measured using the GFS3000. The stomatal, RuBisCo, and RuBP limitations were
calculated (Martin and Ruiz-Torres, 1992; Escalona et al.,
1999) as shown in Figure 1C. Gas exchange measurements
were determined at each step after maintaining the leaf
until the steady-state was obtained (photosynthetic CO2
assimilation showing no systematic decrease or increase of
±2% for at least 2 min). At least 10–13 observations made
for each measurement to generate CO2 response curves of
photosynthesis.
2.9. Statistical analysis
All values reported are the mean ± standard error of at least
5 independent experiments, unless otherwise mentioned.
Standard polynomial (quadratic) functions were fitted to
observe responses of photosynthetic CO2 assimilation to

increasing PPFD and intercellular CO2 using Sigma Plot.
These differences were evaluated at a significance level of
0.05.
3. Results
The effect of leaf position on physiological characteristics,
i.e. photosynthetic CO2 assimilation (A), stomatal
conductance (gs), intrinsic water-use efficiency (A/
gs), water-use efficiency (A/E), maximum fluorescence
(Fm’), fluorescence yield, electron transport rate (ETR),
and coefficient of photochemical quenching (qP), were
expressed with increasing trends up to leaf positions 5–7.
Afterwards, overmaturity of the leaves downregulated
these characteristics (Mielke et al., 2003) in red (immature)
and green leaves (Figures 2 and 3A). The values of
anthocyanin A530 were found to be about 240% higher
in red leaves compared to green leaves (Figure 3B). The
higher values for Chl a, Chl b, and total chlorophyll were
shown by the green leaves with a Chl a/b ratio of about 2.5.
The Chl a, Chl b, and total chlorophyll were found to be
higher by about 17%, 6%, and 12%, respectively, in green
leaves (Figures 3C–3F).
In leaves having more anthocyanin, both upper and
lower surfaces absorbed mostly blue-green to yellow
(500–650 nm) light (~20%). The increased absorbance of
green light by anthocyanic tissues resulted in a dramatic
decrease in transmittance of green wavelengths in red
leaves with reduced transmittance of blue-green light
(500–550 nm). The increased absorbance of green light
by anthocyanin also corresponded to a decrease in
reflectance of these wavelengths (Figure 4). Both leaf types
validated their cellular water retention profiles, i.e. RWC
in relation to drying time keeping the RH normal (~55%)
(Figure 5). The green leaves could retain higher RWC
throughout (Table 1). The loss in relative water content
was sharply enhanced in red leaves (Figure 5A). The RWC
values declined in green leaves from 100% to 78%, 66%,
50%, 30%, and 25% after progressive drying for 5, 10,
20, 30, and 40 h, respectively, while red leaves expressed
these losses from 100% to 57%, 37%, 15%, 8%, and 6%.
Osmotic potential at the turgor loss point in the form of
1/WP was found to be about –1.11 and –0.74 MPa for red
and green leaves, respectively (Figure 5B; Table 2), with
6 times higher specific hydraulic conductivity in green
leaves (Figure 5C). The apoplastic and symplastic water
fractions were found to be nearly the same for both leaf
types, with higher elasticity modulus in red leaves.
The diurnal physiological responses for photosynthetic
CO2 assimilation, stomatal conductance, intrinsic wateruse efficiency, water-use efficiency, Ci/Ca ratio, and dark
respiration were monitored (Figures 6A–6F). The Ci/Ca
ratio showed a declining trend with minimal values in the
forenoon and higher values during the early morning and
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Figure 2. The effect of leaf position on A, photosynthetic CO2 assimilation rate (A); gs, stomatal conductance (B); A/gs, intrinsic wateruse efficiency (C); A/E, water-use efficiency (D); Fm’, maximum fluorescence (E); fluorescence yield (F); ETR, electron transport rate (G);
and qP, coefficient of photochemical quenching (H) in Jatropha curcas leaves. The observations were with a gas-exchange fluorescence
system (GFS-3000) by providing CO2 (400 µmol mol–1) from a CO2 cylinder under saturating PPFD (~1000 µmol m–2 s–1) and normal
humidity (~55%) at 30 °C. Observations were made during spring (April–May). Each value is the mean value of at least 5–7 independent
observations, ±SE.
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Figure 3. Chlorophyll and anthocyanin pigments in red and green leaves of Jatropha curcas (A),
anthocyanin (B), total chlorophyll (C), Chl a (D), Chl b (E), and Chl a/b ratio (F). Each value is the
mean value of 5 independent observations, ±SE.

late evening (Figure 6E). The dark respiration increased
with temperature (Figure 6F). Fv/Fm ratio, fluorescence
yield, and ETR values had nearly parallel trends in both
leaf types, while nonphotochemical quenching did not
(Figures 6G–6J).
The red leaves showed saturation kinetics for CO2
assimilation and stomatal conductance in response to
increasing PPFD. Nearly 47% higher stomatal conductance
was found for the green leaves upon illumination
(PPFD: 500–2000 µmol m–2 s–1), positively influenced by
atmospheric CO2 with improved CO2 assimilation (~57%)
(Figures 7A and 7B). The A/gs and A/E responses also
showed PPFD-dependent saturation kinetics, and 500
µmol m–2 s–1 was found to be nearly saturating for wateruse efficiency with ~20% higher values in green leaves
(Figures 7C and 7D). ETR for photosystem II was found
to be light-saturated (700–800 µmol m–2 s–1) (Figure 7E)
with optimum quantum yield (~0.8) under low light
(Figure 7F). The ACi response increased until Ci reached

~500 µmol mol–1. The photosynthetic CO2 assimilation
rate was ~25 µmol m–2 s–1 at Ci of ~500 µmol mol–1, which
enhanced to ~30 µmol m–2 s–1 in green leaves at higher
Ci levels (~1000 µmol mol–1). An inferior but similar
trend was also shown by immature red leaves (Figure
8A). The stomatal limitation was found to be almost the
same (~42%) for both the leaf types. RuBisCo, which is a
primary enzyme of the Calvin cycle for carboxylating CO2,
was found to be significantly downregulated (~65%) in red
leaves compared to green leaves (~55%). RuBP, a primary
CO2 acceptor, seemed free from any limitations in green
leaves, with limitations (~14%) in red leaves (Figure 8B).
4. Discussion
The measurements as reported here revealed that
photosynthetic CO2 assimilation, stomatal conductance,
and intrinsic water-use efficiency appear to be optimal
in positions 5–8 of the green leaves (Field and Mooney,
1983; Fukuzawa et al., 2012; Verma et al., 2012, 2014).
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The decrease in ETR is interpreted as a downregulation
of whole-chain electron transport and photosystem
II functional capacity. The qP declined gradually with
leaf positions (eighth onwards), indicating the reduced
PQ pool and electron transport of photosystem I with
decreased Fm, fluorescence yield, ETR, and qP. The
immature red leaves of Jatropha curcas showed an excess
accumulation of anthocyanin, a nonchloroplastic pigment,
which does not play any role for energy transformation
during photosynthesis. Anthocyanin probably uses a
short-term defense strategy to minimize the damage
during development under changing environmental

variables (Franceschi and Grimes, 1991). Chlorophyll is
an indicator of light-harvesting systems associated with
photosystems II and I (Horton et al., 1996).
Chlorophyll and carotenoids are found to be related to
reflectance and absorbance (Zhang and Gan, 2012), with
lower reflectance and transmittance and higher absorbance
in the green part of the spectrum in green leaves. The leaf
transmittance primarily depends on the water content and
the lamina thickness, which represents the optical beam
path length inside the mesophyll. Thus, the red immature
leaves absorbed more PAR than the green leaves with
lower absorbance in the red part of the spectrum due

Table 1. Morphological and physiological characteristics of red and green leaves of Jatropha curcas:
leaf area, specific leaf area (SLA), relative water content (RWC), and dry weight of red and green
leaves. Each value represents mean of 3–5 replicates ± SE.
Leaf types

Leaf area (cm2)

SLA

Predawn RWC (%)

DW (mg )

Red leaves

67.80 ± 5.8

181.5 ± 40.0

87 ± 3.8

0.19 ± 0.04

Green leaves

144.86 ± 44.0

210.9 ± 47.4

92 ± 3.1

0.85 ± 0.3
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Table 2. The cellular water relation characteristics deduced from values derived from
pressure–volume curves by using red and green leaves of Jatropha curcas. Each value
represents mean of 3–5 replicates ± SE.
Parameters

Red leaf

Green leaf

Osmotic potential at full turgor (MPa)

–0.83 ± 0.00

–1.08 ± 0.21

Apoplastic water fraction (%)

46.00 ± 2.31

45.50 ± 1.91

Symplastic water fraction (%)

54.00 ± 2.31

54.50 ± 1.91

Elasticity modulus (ε; MPa)

1.89 ± 0.3

1.77 ± 0.15

Solute potential at full turgor (MPa)

–1.32 ± 0.1

–1.00 ± 0.21

Osmotic potential at turgor loss point (MPa; Ψ πtlp)

–1.11 ± 0.05

–0.74 ± 0.03

Water content at turgor loss point (%)

87.00 ± 3.42

89.00 ± 4.32

to lower chlorophyll content. The RWC values indicate
their differential functional abilities. The leaf drying
curve supported the idea that green leaves have better
sustainability than red leaves for the retention of intrinsic
cellular water content regulated by cuticular transpiration
(darkness, 25 °C), as 50% loss in relative water content
occurred within 6–7 h in red leaves, while it took nearly
20 h in green leaves. The higher water capacitance is found
as a mechanism for maintaining relatively high water
potentials as reflected through water loss (Fu et al., 2012).
Analysis of the pressure volume curve shows that elasticity
modulus and osmotic potential at turgor loss point was
higher in red leaves compared to green, correlated with
the developmental stages. The specific leaf conductivity
was found to be about 6 times higher in green leaves as the
hydraulic conductance mainly depends upon the maturity
(Simonin et al., 2012).
The higher PPFD around 1100 hours is correlated with
higher photosynthetic CO2 assimilation, and stomatal
conductance. These characteristics conferred limiting
values in the afternoon (1300 hours), linked with stomatal
limitation (Saito and Terashima, 2004; Luttge and Hertel,
2009; Ribeiro et al., 2009), which impaired water-use
efficiency and CO2 diffusion from the atmosphere into
the cellular system, to cause a loss in photosynthetic CO2
assimilation. The diurnal characteristics of the red and
green leaves in relation to in vivo chlorophyll fluorescence
variable yield, fluorescence yield, electron transport,
and nonphotochemical quenching have shown superior
responses as exhibited by green leaves as compared to
red with reduced photosynthetic electron transport and
chlorophyll fluorescence variable yield. The limiting light
intensities in the early evening caused sharp declining
trends for photosynthesis. The nonphotochemical
quenching values increased between 1000 and 1200 hours
in both leaf types to protect against light-induced damage
to green tissues (Horton et al., 1996). The red leaves
could retain an advantage around 1000 hours to protect
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themselves more carefully from photodamage. The values
of quantum yield of photosystem II and Fv/Fm are widely
used as indicators for photoinhibition and values below
0.8 indicate photoinhibition, as the leaves adapted to
darkness show optimal Fv/Fm values (Santos et al., 2013).
Nonphotochemical energy dissipation might have lowered
the values of Fv/Fm below 0.8 during the peak hour of the
day due to higher temperature and sharp irradiance. Thus,
the susceptibility of the red leaves to photoinhibition of
photosystem II may be higher than that of the green leaves
(Luttge and Hertel, 2009).
The photosynthetic CO2 assimilation efficiency of the
red leaves was saturated at lower light intensities and was
found liable to photoinhibition when exposed to higher
PPFD (Fukuzawa et al., 2012). The actual photosynthetic
efficiency is determined by the relative distribution of
the absorbed photons with photoprotective function
due to the in vivo presence of anthocyanin (Field and
Mooney, 1983). A need for protecting chloroplasts
from excess light absorption in the red leaves seems to
be counterintuitive. Hence, PPFD of up to 2000 µmol
m–2 s–1 enhanced the values of stomatal conductance and
photosynthetic CO2 assimilation. Thus, higher PPFD
values gradually triggered enhanced stomatal conductance
to improve CO2 diffusion with cellular water-use efficiency,
i.e. A/gs and A/E. Consequently, photosystem II efficiency
maintained higher ETR under saturated light (KingstonSmith et al., 1997; Valladares and Pearcy, 1997).
The initial slope of the Jatropha ACi curve was similar
to that found in other C3 plants, such as rice (Fukuzawa
et al., 2012). The ACi curve could express photosynthetic
CO2 assimilation of about 30 µmol m–2 s–1 at higher
Ci levels (~1000 µmol mol–1) in green leaves, while
red immature leaves responded with much lower CO2
assimilation (~17 µmol m–2 s–1), which may be correlated
with stomatal limitation. RuBisCo limitation is high due
to the immaturity of the green tissue (Escalona et al.,
1999), while nonstomatal limitations of photosynthesis
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Figure 7. Effect of light intensity on gas exchange and fluorescence characteristics of red and green leaves in Jatropha curcas: A,
photosynthetic CO2 assimilation rate (A); gs, stomatal conductance (B); A/gs, intrinsic water-use efficiency (C); A/E, water-use
efficiency (D); ETR, electron transport rate (E); and Y, fluorescence yield (F). The light was provided at up to 2000 µmol m–2
s–1 by an integrated LED light source (Walz LED Array/PAM Fluorometer 3055-FL) module head attached to the cuvette. The
CO2 concentration of the air entering the leaf chamber, VPD, and temperature were maintained at ~400 µmol mol–1, ~2.0 kPa,
and 30 °C, respectively. Each value is the mean of 5–7 independent observations, ±SE. The linear and quadratic terms for the
polynomial regressions for A under increasing PPFD were significant at P < 0.05 with r2 values of 0.99.
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Figure 8. Effect of internal carbon dioxide (Ci) on gas exchange and fluorescence in red and green leaves of Jatropha curcas.
Photosynthetic rate and Ci response curve were measured with the GFS-3000 during the early forenoon period of the day (A).
Leaf cuvette conditions were maintained by providing saturating PPFD (1000 µmol m–2 s–1), normal relative humidity (~55%),
and normal leaf temperature (30 °C). The linear and quadratic terms for the polynomial regressions for A under increasing
photosynthetic Ci (µmol mol–1) were significant at P < 0.05 with r2 values of 0.99. Photosynthetic CO2 assimilation dependence
over Ci was computed to derive stomatal, RuBisCo, and RuBP limitations from the ACi curve analysis of red and green leaves
(B). Each data is the mean of 5–7 independent observations, ±SE.

were more dominant than stomatal limitations. The ACi
curves could express about 15%–30% stomatal limitation
of photosynthesis (Farquhar and von Caemmerer, 1982),
apparently enhanced with increasing temperature (Greer
and Weedon, 2012).
The ecophysiological variables of PPFD, VPD,
and ambient temperature significantly influenced
physiological responses in Jatropha curcas. It was
observed that elevated temperature (~35 °C) coupled
with saturated PPFD (~1500 µmol m–2 s–1) and higher
vapor pressure deficit (~3 kPa) triggered impaired
photosynthetic CO2 assimilation and cellular limitations,
intrinsically linked with the carboxylation process
(Calvin or C3 cycle) to regulate plant performance and
plant productivity. The best performance for growth

in Jatropha was found to be correlated with epigenetic
variables, i.e. temperature, VPD, and irradiance of about
30 °C, 2 kPa, and 1000 µmol m–2 s–1, respectively. In
conclusion, it appears that certain leaves, particularly
those located at leaf positions 5–7, contributed optimally
for CO2 fixation to regulate eventual plant growth,
development, and seed yield.
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